Inhalation exposure to airborne particulate matter (PM) can induce respiratory/cardiovascular disease and lung cancer in humans. Determining the specific particle deposition distribution in the human tracheobronchial tree is crucial to evaluating the health risk. Thus, an integrated human nasal-oral-tracheobronchial airway model was employed to study the particle deposition, and empirical equations for calculating the lung lobe risk contribution fractions were developed. The risk contribution of each lobe to non-carcinogenesis and carcinogenesis was predicted using prior experimental data collected at a bus stop. The regional inhalation health risk was analyzed by evaluating the hazard quotient (HQ) and excess lifetime cancer risk (ELCR) of selected non-carcinogenic and carcinogenic elements (viz., Cr, Mn, and Ni). Fine particles (10 nm-1 µm) contributed the highest risk fractions for the lung lobes, inducing higher potential health consequences in the lungs than coarser particles. Cr posed carcinogenic lung risks to people who commuted by public transport, with the ELCR to every lobe exceeding the recommended limit. The non-carcinogenic and carcinogenic risks were 1.5 times greater for the right lung than for the left lung. Of the lung lobes, the RLL incurred the highest risk, followed by the LLL, RUL, LUL, and RML. Inhalation exposure to Cr posed a much higher risk to the lungs than exposure to Ni and Mn. However, compared to the other two elements, Mn potentially induced a higher chance of developing upper respiratory disease.
INTRODUCTION
Inhalation exposure to airborne particulate matter (PM) has been recognized as a major trigger of the increased morbidities and mortalities in acute and/or chronic health conditions (e.g., respiratory/cardiovascular diseases and lung cancer; Baxter et al., 2010; Donaldson et al., 2001; Turner et al., 2011) . Particulate matter, including nanoparticles and microparticles, is highly respirable into human respiratory system. Particle deposition in human respiratory airways could induce health risk to human. Local accumulations of particles in the bronchial airway bifurcations, which have been shown to be apparent sites of neoplastic lesions, might play a key role in triggering lung cancer (Balásházy et al., 2003) . Fine particles are more likely to pass through nasal and/or oral barriers and penetrate to lower airways or even into the lungs (Xu et al., 2018) . It is of great significance to study the detailed particle deposition distribution in human tracheobronchial airways and evaluate the potential inhalation health risk in the lungs.
Over the past decade, computational fluid dynamics (CFD) simulations have been carried out to better understand the particle deposition distribution in human tracheobronchial airways. This saved significant time and cost compared to in vitro experiments (Lizal et al., 2015; Tian and Ahmadi, 2016; Deng et al., 2018) . A 16-generation coplanar symmetric tracheobronchial airway, based on the Weibel model (Weibel, 1963) , was employed for predicting nanoparticle deposition (Zhang et al., 2008) . The study illustrated that the geometric effects, including daughterbranch rotation, was minor for nanoparticles with d p > 10 nm. In another study, micro-and nanoparticle transportation and deposition in an asymmetric multi-level human lung bifurcation model were applied, which suggested that the branching angles of the airway bifurcation model were important parameters for particle deposition (Tian and Ahmadi, 2012) . With the development of CT scanning technology, a realistic human upper lung airway was reconstructed from CT scanned images and local "hot-spots" where particle deposition was concentrated were identified. The study suggested that age could have a significant influence on particle deposition in TB regions. For adults, particles were more likely to deposit in the lower airways (G9-G12) than in the upper (G3-G6), as gravitational sedimentation was the dominant deposition mechanism (Deng et al., 2018) . Most of these airway models only contained trachea and the upper bronchial tree airways. However, Kim et al. (2018) suggested that upper airways affected the flow and ventilation distribution in the distal airways. It was essential to utilize a complete respiratory airway to better understand the particle deposition distribution in lung bifurcations.
The chemical composition and metal speciation in particulate matter were suggested to play a crucial role in assessing human health risks of PM exposure (Bell et al., 2007; Sah et al., 2017) . Toxic metals combined with particulate matter may enter the body through oral and nasal inhalation, ingestion and skin contact (Kong et al., 2011) . Franklin et al. (2008) illustrated that the chemical species, such as aluminum (Al), arsenic (As), silicon (Si), nickel (Ni) and sulfate could aggravate the association between PM 2.5 exposure and mortality, and the PM mass alone was not an adequate metric for assessing the health impact. Many other metals, such as cadmium (Cd), chromium (Cr), lead (Pb), manganese (Mn), copper (Cu), vanadium (V) and zinc (Zn) were also considered to be commonly present toxicants in particulate matter (Loxham et al., 2013; Zhai et al., 2014) . Although work has been done on evaluating the PM inhalation exposure in various contexts, such as on the roof of a mining and metallurgical city (Zheng et al., 2018) , on the road (Ferreira-Baptista and De Miguel, 2005) , in an informal electronic-waste recycling site (Zheng et al., 2016) and on the stairways (Zheng et al., 2010) , most of them were limited on evaluating the health risks of the total respiratory system. Non-cancer and cancer inhalation health risks in the whole respiratory tract were analyzed in roadway, light rail and subway transit routes, which suggested the best option for commuters was to use above-ground light-rail transportation (Lovett et al., 2018) . The deposition distributions of particles and selected non-carcinogenic and carcinogenic elements in the human respiratory system were analyzed by employing the existing respiratory deposition models at a bus stop, alongside a highway, and at an industrial site in Singapore (You et al., 2017) , and the hazard quotient (HQ) and excess lifetime cancer risk (ELCR) for the elements were used to evaluate the total respiratory system inhalation health risk, following the United States Environmental Protection Agency (EPA) guidance.
Few studies were conducted to investigate the detailed respiratory regional risks by considering particle deposition distributions. Nasal cavity and olfactory dosages in a wirecut electrical discharge machine shop (Tian et al., 2017) and the dosages in a realistic firefighter nasal cavity, middle turbinate, middle meatus, onto the face and penetrated into the lower airways in a composite deck fire (Xu et al., 2018) were estimated by combining experimental and numerical studies. Lung health risks were analyzed by evaluating the doses of deposited particles in the lung from six sources (Vu et al. 2016) . Traffic emissions were reported as the main source of particle number deposition in both the regional and total lung, while secondary aerosols were the main source of surface area and volume deposition in the lung. Although human health risk assessment was a complicated process due to the lack of accurate knowledge, changing circumstances, and inter-personal variations, it was a beneficial tool to evaluate the likelihood of adverse health effects (carcinogenic and non-carcinogenic) (Kong et al., 2011) . According to the U.S. EPA (2009), 100% of the dosimetry in the respiratory tract was available to enter the systemic circulation (remote toxicity), or to interact locally at the respiratory tract (local toxicity). EPA suggested that Inhalation Unit Risk (IUR) and Reference Concentration (RfC) for an inhaled chemical contaminant should be employed in inhalation health risk assessment. The estimated target hazard quotient and the excess lifetime cancer risk were based on the total respiratory and extra-respiratory dosimetry. The targeted regional risk assessment, such as lung cancer, should be further investigated.
In this study, nano-and microparticle deposition in human tracheobronchial regions were simulated in an integral human nasal-oral-tracheobronchial airway model. The model was reconstructed from CT scanned images, accounting for facial features and the external environment. Non-carcinogenic and carcinogenic elements (Cr, Mn, Ni) were considered in the study. A method for regional (lung lobes) health risks assessment, by evaluating the hazard quotient (HQ) and the excess lifetime cancer risk (ELCR) of the selected elements, was proposed. The particle size distribution and chemical composition concentrations were obtained from the experimental data of a bus stop (You et al., 2017) . The equations of risk contribution fraction in each lobe were developed. The contribution of each lobe to non-carcinogenesis and carcinogenesis risks were discussed under the bus stop scenario.
METHODS

Nasal-Oral-Tracheobronchial Airway Model
A realistic integrated anatomical model of the human respiratory tract, containing major tracheobronchial tree and facial features, was reconstructed from CT images of a 43-year-old healthy male via segmentation technique. The realistic human face was exposed to the external surroundings with varied chemical compositions of particulate matter. Nasal cavity, oral cavity, pharynx, larynx, trachea, and bronchial tree were all included in the model ( Fig. 1(a) ). The tracheobronchial tree (TB) is anatomically divided into 5 lobes (Schünke et al., 2006) , including 5 lobar bronchus and 20 segmental bronchi according to the anatomy ( Fig. 1(b) ). Apical (I), posterior (II) and anterior (III) segmental bronchi belonged to the right upper lobe (RUL); lateral (IV) and medial (V) segmental bronchi were part of the right middle lobe (RML); superior (VI), medial basal(VII), In the current study, particles were uniformly released on a hemisphere (of radius 3 cm) from the center of the nose and oral and traveled from the external space, via nostrils and mouth cavity to the end of the segmental bronchi.
ICEM CFD (v18.0; ANSYS) was used to generate the computational mesh (Fig. 2) . Polyhedron meshing scheme was employed and 5 prism layers were applied to the bounding respiratory walls to resolve the viscous sub-layer. The resulting mesh consisted of 2,872,136 cells and 13,089,220 faces. Mesh independency was tested and achieved. The first grid point away from the wall surface was given in wall units of y + ≤ 1.0. A workstation with 64 GB RAM, 4 GB memory of graphics card and 20-core processor was used for the simulations.
Fluid Flow Simulation and Particle Tracking
The current study employed a steady inhalation model, assuming that the deposition mainly occurred during the inspiration process (Se et al., 2010) . The breathing pattern was shown to affect deposition for micron range of particles between 1 and 5 µm; however, the effect of nanoparticle deposition was not fully understood (Häuβermann et al., 2002) . A moderate steady breathing of 18 L min -1 through both nasal and oral was considered in this study. At this flow rate in the respiratory tract, airflow was laminar and transition state. Transitional Shear Stress Transport (SSTtransitional) model was employed. It was suitable to model the internal respiratory flow, which gave a good prediction of turbulence kinetic energy and predict mean velocity distributions accurately for laminar-transitional-turbulent flow (Zhang and Kleinstreuer, 2011; Inthavong et al., 2012) . The SST-transitional model was not repeated here for brevity (Menter et al., 2006) .
The airflow was modeled using ANSYS Fluent v18.0. Second-order upwind schemes and SIMPLE method were used to improve the computational accuracy and handle the pressure-velocity coupling. The pressure of the external surrounding was set as the atmospheric pressure. A pressure difference was enforced between the external environment and end of the segmental bronchus to initiate the inhalation. The flow rate weighting in each of the five lobes was determined by the corresponding lobar volume fractions (Horsfield et al., 1971) : 20% for RUL, 10% for RML, 25% for RLL, 20% for LUL, and 25% for LLL.
Lagrangian particle tracking was employed for particle trajectories. Neglecting collision between particles and assuming the particles to be spherical, the particle equation is:
where u p , ρ p , t and ρ g are the particle velocity, particle density, time and the air density. g is the gravitational constant. F D is the drag given as:
where d p is the particle diameter and µ g is the molecular viscosity of the air. C c is the Cunningham correction, given as:
λ is the molecular mean free path of air. F s in Eq. (1) is the Saffman lift force and F B is the Brownian diffusion force with the amplitudes of 0 / S t    . ζ is zero-mean, unitvariance independent Gaussian random numbers, Δt is the time step for particle integration and S 0 is a spectral intensity function:
where k B is the Boltzmann constant equal to 1.38 × 10 -23 J K -1 , v g is the air kinematic viscosity and T is the absolute temperature of the inspiratory air in the respiratory tract. For micron particles, the Cunningham correction in Eq. (1) is approaching 1 and Brownian diffusion forces can be neglected.
The simulation was carried out with ANSYS FLUENT 18.0 discrete phase model (DPM). Particle dispersion was modeled until it either escaped from the airway, or trapped onto respiratory walls when the particle was within radius distance away from the airway surface. A homogeneous dispersion of the particulate matter was assumed in the breathing zone. In the present study, particles were uniformly released in a hemispheric profile from the nasal and oral entrance. Approximately 90,000 independents, monodisperse airborne particles for 1, 1.2, 2, 5, 10, 20, 30, 50, 70, 100, 150, 300, 500 nm and 1, 2, 3, 5, 7, 10, 15 µm were included in the study. In the current simulation, particle densities of 7190, 7440 and 8908 kg m -3 , resembling that of Cr, Mn, and Ni, were used.
Deposition and Risk Contribution Fraction
Particle deposition in human respiratory airways can be quantified in terms of deposition fraction (DF p ), defined as:
where N d is the number of trapped particles in a specific region, N t is the number of particles entering human nasal and oral. It is an important parameter characterizing the regional filtering capacity, the fate of the inhaled particles and particle penetration capacity. Deposition fraction is closely related to the transport mechanisms and for nanoparticles, size, diffusivity and airflow rate are the key parameters. For microparticles, particle size, density and airflow rate are the governing parameters affecting the transport outcome. Due to the geometric complexity of human airways, no analytical expression is available to calculate the deposition fraction. Empirical fitted equations are frequently used to develop the deposition fraction as a function of the governing parameters.
In the simulation, particles in the trachea-bronchial tree either deposited on the surface of the bronchus airways or escaped from the outlets of the segmental bronchus. It was assumed that all deposited particles contributed to inducing lung cancer or cancer at remote sites through systemic circulation. Risk contribution fraction (RCF) was used to evaluate the carcinogenic potential in lung and in each lobe. Empirical fitted equations could also be used to develop the risk contribution fraction as a function of the governing parameters:
where N o is the number of escaped particles from the specific region segmental bronchus outlet. Airborne contaminants contain polydisperse particles where the volume size distribution (volume of particles per unit volume) can be expressed as
). Here r  is position vector and d p is particle diameter (nm).
Assuming the heavy metal in PM all followed the same volume size distribution, the volume size concentration can be expressed as V(C, d p , r  ), where C (ng m -3 ) is the average heavy metal concentration in PM. The heavy metal particle risk contribution concentration C contri (µg m -3 ) can be calculated as:
Health Risk Assessment PM exposure at a bus stop scenario was utilized in this study (You et al., 2017) . The measured experimental data was collected at a bus stop outside the Lee Kong Chian Natural History Museum of the National University of Singapore by using the aerosol spectrometer and cascade impactor. The field particle data were obtained by averaging the data from two sampling stations, which was around 1 m away from the curb, 8 m apart at the two ends (front and back) of the bus stop and 1.5 m in height, indicating the human breathing zone. The climate in August in Singapore was hot and humid. The surrounding temperature and the respiratory temperature were assumed to be the same, at 37°C. Normalized particle volume size distribution at the bus stop was fitted by a lognormal equation: 
The averaged size-dependent concentrations (C) of selected heavy metals in the ambient environment were shown in Table 1 (You et al., 2017) . The risk assessment of inhalation exposure to the selected elements (i.e., Cr, Mn, Ni) in human TB regions was performed based on the U.S. EPA guidance (2009). The regional inhalation exposure is estimated as:
where ET (hours day , it indicated the higher chance to develop lung cancer.
Since health risk assessment concerns long-term outcome, all the risk contribution fraction (RCF) was estimated under normal human breathing of 18 L min -1 through both nasal and oral airways in current study. The risk contribution (RC) was used to indicate the chance of each lobe contributing to non-carcinogenic and carcinogenic consequences. It is given as:
RESULTS AND DISCUSSION
Validation
Particle deposition in the trachea against the inertial parameter between present study and prior experiments (Schlesinger et al., 1977; Zhou and Cheng, 2005) were given in Fig. 3 . The inertial parameter (mm 2 g s -1 ), I, relevant to the micron-sized particles including particle Table 1 . Size-dependent heavy metal concentration in the bus stop scenario (You et al., 2017 Fig. 3 . Comparison of the simulated particle deposition fraction in the trachea with in vitro measurement (Schlesinger et al., 1977; Zhou and Cheng, 2005) .
mass, particle diameter, and the averaged fluid momentum, is defined as:
where Q is the volume flow rate (cm 3 s -1 ). The deposition efficiency (DE p ) in the trachea is given as:
where N r is the number of particles entering the trachea. The simulated particle deposition efficiencies in the trachea as a function of the inertial parameter in nasal-oraltracheobronchial model agreed well in the trend with the experimental measurements. The trachea deposition efficiency stabilized around 1% and then sharply increased when the inertial parameter reaches 0.02 mm 2 g s -1 . The deposition fraction discrepancies between the simulation and experiments might be attributed to the variation in morphometry. The experimental models only contained trachea and bronchial airways, and do not include an oral or nasal cavity. It was suggested that the upper airways affected the flow and ventilation distribution in the distal airways (Kim et al., 2018) . Overall our results for particle deposition in trachea were reasonable.
Tracheobronchial Air Flow Patterns
The streamlines and velocity contours at selected cross sections in the tracheobronchial airways of the nasal-oraltracheobronchial model were shown in Fig. 4 . Breathing rate was 18 L min -1 through both nasal and oral openings. Slice A, B, and C were on the trachea. Slice D and J were on the right main bronchi, E and F were on the left main bronchi. Slice F, H, I, K, and L were on the left upper lobar bronchus (LULB), left lower lobar bronchus (LLLB), right upper lobar bronchus (RULB), right middle lobar bronchus (RMLB), and right lower lobar bronchus (RLLB), respectively. All cross-sections were viewed from the perspective of the main flow. The Reynolds number in Slice A was about 2000. The velocities were gradually decreasing from the inlet of the trachea to the outlets of the segmental bronchus due to partition at multiple bifurcations. Flow paths were indicated by bulk air passages and peak velocity distributions. Bulk air was largely found in the anterior rather than the posterior of the trachea. Then the velocities approached steady and uniform in the LULB, LLLB, RULB, and RMLB. In the RLLB, a velocity jet was formed due to the larger volume of air flow went through the narrowing cross-sections. Air flows changed directions in each bifurcation and velocities were found higher near the inner wall of the bifurcations than the outer sides. Peak velocities and changing of flow directions indicated that the breathing air was more likely to be impacted onto the surrounding walls. The transport of inhaled air in tracheobronchial airways provided insight into the understanding of airborne particle movement and deposition, as the air carried and transported these particles.
Particle Risk Contribution Fraction Equations in Tracheobronchial Airways
Fig. 5 presented the simulated Cr particle (7190 kg m -3 , 1 nm-10 µm) risk contribution fraction against the particle diameter in the left lung (LL), right lung (RL), trachea and main bronchi (T&M), LLL, LUL, RUL, RML, and RLL, respectively. It was shown from the figure that LL, RL and the 5 lobes followed the same trend. The risk contribution fraction went up smoothly with the particle diameter and stabilized at a high level between 10 nm to 1 µm. Then a sharp decrease occurred after 1 µm and the risk contribution fraction reduced to zero after 8 µm. These phenomena suggested that the fine particles (10 nm-1 µm) could induce a higher potential health hazard. Right lung risk contribution fraction was about 1.8 times higher than that of left lung due to higher flow volume. The peak contribution fraction could reach 56% in the right lung. In the lung lobes, RLL faced the higher potential of carcinogenic risks as the risk contribution fraction was the highest among all lobes (Fig. 5(b) ). The contribution fraction in RLL could reach as high as 28%, accounting for half of the right lung. The RUL and LLL had nearly the same risk contribution fractions, up to 20% from 10 nm to 500 nm. They all experienced a slight increase around 2-3 µm before the rapid decline. The maximum risk contribution in LUL was 14.5%, between the LLL and RML risk fractions. The risk contribution fraction in RML was at the lowest level among 5 lobes of less than 6%. The risk contribution fraction trends in the trachea and main bronchi were drastically different from that in the lung lobes. The fraction peaked around 8% at 1 nm and then gradually fell to zero. Key features of the risk contribution fraction against the particle diameter for Mn (7440 kg m -3 ) and Ni (8908 kg m -3 ) were similar to that of Cr particles.
The mass diffusion coefficient D is an important parameter describing nanoparticles transport, given as:
It is seen from Eq. (15) that smaller particles have a higher diffusion rate. Fig. 6 presented the risk contribution fractions of LL, RL, T&M, LLL, LUL, RUL, RML, and RLL of nanoparticles from 1 to 500 nm against the mass diffusion coefficient and the fitted regression lines. The RCF in LL, RL, LLL, LUL, RUL, RML, and RLL remained stable when the mass diffusion coefficient is below 5 × 10 -7 , and then a rapid drop occurred, while for the trachea and the main bronchi, the risk contribution fraction stayed at a low level when D is less than 1.5 × 10 -7 and then rose. 
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The risk contribution fractions of LL, RL, T&M, LLL, LUL, RUL, RML, and RLL for micron particles, ranging from 0.5 µm to 10 µm against the Stokes number together with the fitted equations, were plotted in Fig. 7 . Except that the RCF in the trachea and main bronchi were stable at 1%, all RCFs in LL, RL, LLL, LUL, RUL, RML, and RLL remained at a relatively high level and then fell at the Stokes number around 0.004. The equations were developed as a function of the Stokes number (St), which correlated the deposition to length scale, particle density, size and flow rate related to inertial forces. The Stokes number is defined as:
The fitted empirical equations, with the r 2 all above 0.95, are as follows: 
Human has left and right lung. Each lung is composed of lobes, that left lung has 2 lobes and right lung has 3 lobes. It is of great significance to evaluate the risk contribution fraction in these lobes by studying particle deposition distribution. The risk contribution fraction in LL and RL were the sum of risk contribution fraction in LUL, LLL, and RLL, RML, RUL, respectively. Although the nanoand microparticle risk contribution fraction in lungs and lung lobes had the same form, the specific parameters were different in distinct regions. These differences were mainly due to the particle deposition distribution in current study. For nanoparticles, the index of the particle mass diffusivity in left lung, LLL and LUL were smaller than that in right lung, RUL, RML and RLL. While for microparticles, the index of the the Stokes number in left lung, LLL and LUL were larger than that in right lung, RUL, RML and RLL. The left lung and right lung index of the control parameter in particle risk contribution fraction were similar with that in LLL, LUL and RUL, RML, RLL, respectively.
Health Risk Assessment
The selected heavy metal particle risk contribution concentration in each lung lobe was an important parameter for evaluating health risk in the specific regions. The selected heavy metal particle risk contribution concentration in LLL was calculated by substituting Eqs. (19) and (28) into Eq. (7). Similarly, the risk contribution concentration in LUL, RUL, RML, RLL, LL, RL, and T&M were obtained by substituting their RCFs into Eq. (7). The health risk assessment results for LLL, LUL, RUL, RML, RLL, LL, RL, T&M and the whole respiratory system inhalation exposure to selected heavy metal elements (Cr, Mn, Ni) in a bus stop scenario were given in Tables 2-4. The results showed that most of the selected elements had the noncarcinogenic and carcinogenic risks within the limits (HQ = 1 and ELCR = 1 × 10 -6 ). Cr, Mn, and Ni showed different non-carcinogenic and carcinogenic risks with varying size-dependent particle concentration, the inhalation risk, and the inhalation reference concentration. Cr poses a potential carcinogenic risk for people who commute by public transport, with the ELCR reaching 2.08 × 10 -5 , exceeding the recommended limits. The ELCRs by Cr in LLL, LUL, RUL, RML, RLL, LL, and RL were also above the limit, suggesting high carcinogenic risks in the lungs. Ni posed the highest non-carcinogenic risk with the total inspiratory tract HQ at 5.73 × 10 -2 , followed by Cr and Mn, respectively. Although Ni had a relatively high non-carcinogenic risk, the potential carcinogenic risk was low. RLL had the highest health risk for the three selected elements, followed by LLL and RUL, which had similar level of potential risk. LUL and RML came the last. Fig. 8 presented the potential risk contribution of LLL, LUL, RUL, RML, RLL, LL, RL, and T&M with inhalation exposure to selected elements (Cr, Mn, Ni) in a bus stop scene. For Cr, Mn, and Ni, non-carcinogenic and carcinogenic health risk of the right lung were 1.5 times higher than the left lung. The trachea and main bronchi health risk contribution was less than 1% for all selected particles. The right lung risk contribution reached 50% when exposed to Cr, while the left lung contributed 33%. The right and left lung risk contribution of Ni and Mn were 42.8% and 29.5%, and 27.5% and 18.3%, respectively. Inhalation risk contribution of Cr, Mn, Ni in the TB region were 84%, 46.7%, and 73.4%, respectively. Inhalation exposure to Cr posed a significantly higher risk than exposure to Ni and Mn. On the other hand, the upper airway inhalation risk contribution of Cr, Mn, Ni were 16%, 53.3%, and 26.6%. It indicated that Mn could induce a higher risk in human upper airway than the other two elements. RLL posed 25.3%, the highest health risk potential when facing Cr exposure, followed by LLL, RUL, LUL, and RML, of 19.3%, 18.9%, 13.5%, and 15.9%, respectively. Health risk potential for Mn and Ni exposure in the lung lobes were similar. The potential health risk in RLL was the highest, followed by LLL, RUL, LUL, and RML.
CONCLUSION
In this study, a regional health risk assessment was performed with a nasal-oral-tracheobronchial airway model. A bus stop exposure scenario using experimental data was applied to evaluate the non-carcinogenic and carcinogenic inhalation health risks for the trachea and main bronchi as well as the five lung lobes. The health consequences of Cr, Mn, and Ni exposure were measured in terms of the hazard quotient (HQ) and the excess lifetime cancer risk (ELCR). The results indicated significant particle deposition at the lung bifurcations, particularly on the inner sides, where the flow velocities were higher than those near the other sides. Fine particles (10 nm-1 µm) consistently contributed the highest risk fraction for the LLL, LUL, RLL, RML, and RUL, suggesting potentially higher health consequences in the lungs from finer particles than coarser ones. For the right lung, the noncarcinogenic and carcinogenic risks were 1.5 times higher than for the left lung. Of the lung lobes, the RLL incurred the highest risk, while the RML incurred the lowest. In the experimental scenario, Cr posed a carcinogenic lung risk to people who commuted by public transport, with the ELCRs of the lungs and the five lung lobes all exceeding the recommended limits. The inhalation risk contributions of Cr, Mn, and Ni to the TB region were 84%, 46.7%, and 73.4%, respectively; however, the health risk to the trachea and main bronchi contributed less than 1% regardless of the element. The risk of developing lung disease from inhalation exposure was significantly higher with Cr than with Ni and Mn. However, of the three elements, Mn potentially induced the highest chance of developing upper respiratory disease. This study was also subject to several limitations. Firstly, the airway model was based on CT scans of a single human subject. Because real airways vary based on the gender, age, and physical health of the individual, our estimation of the regional health risk, which depends on the particle deposition distribution, may not be universally applicable. Secondly, local particle deposition may be influenced by the breathing pattern. Finally, airway humidity, which also affects particle deposition, was not addressed in this work. Future health risk assessments should be performed with a standardized airway model and consider the factors of transient breathing cycles and airway humidity.
